huai'an hospital to Xuzhou Medical University, huai'an, Jiangsu, People's republic of china; 3 clinical laboratory, huai'an hospital to Xuzhou Medical University, huai'an, Jiangsu, People's republic of china *These authors contributed equally to this work Introduction: Epithelial-mesenchymal transition (EMT) is regarded as a crucial process of invasion and metastasis, which contribute greatly to cancer-related relapse and death. Based on research results that hypoxia can trigger gastric cancer EMT and decreasing lactate production can selectively kill hypoxic cancer cells, we infer that lactate dehydrogenase A (LDH-A) transforming pyruvate into lactate is at least in part responsible for poor prognosis of gastric cancer.
Introduction
Despite improved response rates, thanks to great progress of chemoradiotherapy and targeted therapy in recent years, [1] [2] [3] [4] gastric cancer (GC) remains one of the most lethal malignancies worldwide. 5, 6 Invasion and metastasis impede the treatment efficiency and bear a major share of the responsibility for GC-related relapse and death. 7 A better understanding of the mechanism contributing to GC invasion and metastasis is conducive to improving treatment efficacy and prognosis.
Epithelial-mesenchymal transition (EMT) is a process in which epithelial cells are transformed into cells with mesenchymal phenotypes with enhanced invasive and migratory abilities, characterized by downregulation of epithelial marker of E-cadherin and upregulation of mesenchymal markers including N-cadherin, fibronectin and vimentin. Transcriptional regulators of EMT consist of the snail family, the basic helixloop-helix factors, the zinc finger E-box binding proteins ZEB1 and ZEB2 and so on. Profound insight into the role of EMT in GC could further deepen our understanding of GC invasion and metastasis. Diverse molecular pathways associated with cancer stem cells (CSCs), epigenetic modification and transcriptional regulation have been deeply elucidated during aberrant activation and regulation of GC EMT.
Tumors are composed of malignant cells and the microenvironment. The components of complicated tumor microenvironment, such as tumor stromal cells and cellular factors, can regulate malignant behaviors of cancer cells via EMT. In contrast to normal cells, cancer cells preferentially take advantage of glycolysis rather than mitochondrial oxidative phosphorylation even in the presence of oxygen, which means pyruvate is transformed into lactate and therefore avoids excess reactive oxygen species. 9 This phenomenon is known as Warburg effect. Increased lactate production leads to acidification of tumor microenvironment, which promotes tumor invasion directly and indirectly by killing normal cells and by degradation of the extracellular matrix. Pyruvate dehydrogenase kinase 1, which serves as inhibitor of pyruvate dehydrogenase, can promote liver metastasis in breast cancer by increasing conversion of glucose-derived pyruvate into lactate. 10 In view of the importance of making full use of Warburg effect to decrease lactate production in tumor microenvironment, it is indispensable to elucidate driver genes in upstream and downstream signal pathway of lactate for more precise and efficacious treatment. Lactate dehydrogenase A (LDH-A) is a crucial rate-limiting enzyme responsible for catalyzing pyruvate into lactate irreversibly, which is the final step of the aerobic glycolysis. Sonveaux et al not only found that lactate is the bedrock of symbiotic relationship between glycolytic and oxidative tumor cells during the course of energy metabolites, but also demonstrated that targeting lactate-fueled respiration can specifically kill hypoxic tumor cells in mice. 11 Considering hypoxia is a significant GC EMT inducer, [12] [13] [14] [15] [16] it is therefore reasonable to deduce that silencing LDH-A in tumors could downregulate EMT.
In this study, the correlation of LDH-A and ZEB2 was evaluated in intestinal-type gastric cancer (ITGC) cell lines and clinical specimens. We then examined if the combined expression of LDH-A and ZEB2 had synergetic power to predict overall survival (OS). Our results indicate that the significantly close correlation of LDH-A and ZEB2 underlies the inhibitory effect of LDH-A silencing on invasion and metastasis and the important role of LDH-A in the poor prognosis of human ITGC.
Materials and methods cell lines
The human ITGC cell lines MKN28, SGC7901 and BGC823 and the human immortalized gastric mucosa epithelial cell line GES were purchased from the American Type Culture Collection (Manassas, VA, USA) and maintained in RPMI 1640 medium.
lDh-a-targeting sirnas and transfection
We designed three siRNAs targeting LDH-A messenger RNA (mRNA) and a scrambled siRNA used as a negative control with software found on the Ambion website and synthesized by Shanghai GenePharma Co., Ltd (Shanghai, People's Republic of China). The siRNA sequences are listed in Table S1 . Cell transfection was performed using Lipofectamine 2000 transfection reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions. Briefly, siRNALDH-A or siR-NANC diluted with Opti-MEM was mixed with transfection reagent and the mixture was added into 2 mL Opti-MEM medium per well of a 6-well plate at about 30%-50% cell confluence. Six hours later, cells were re-fed with fresh Opti-MEM medium and continued for culture. The transfection efficiency was examined after 24 h of transfection. Cells were collected for the transwell invasion and migration assay after 24 h for RNA extraction and after 48 h for protein extraction.
real-time reverse transcription polymerase chain reaction
We first extracted total RNA from the cells with Trizol reagent (Thermo Fisher Scientific), and then carried out the cDNA synthesis based on the protocol of the PrimeScript RT reagent Kit (TaKaRa, Kyoto, Japan) with 1 µg RNA as the starting amount. The real-time quantitative PCR reaction was performed using the SYBR Premix Ex Taq™ (TaKaRa) and an ABI PRISM 7300 PCR detection system (Applied Biosystems, Carlsbad, CA, USA). The primers for these transcripts are listed in Table S2 .
Western blot
We used the Bradford assay to quantify the protein content of the cellular extracts. The extracted protein was first subjected to SDS-PAGE, then transferred onto polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA) and finally immunoblotted with antibodies for LDH-A (Cell Signaling Technology, Danvers, MA, USA), ZEB2, E-cadherin and vimentin (Abcam, AB Biotech Company Ltd., Cambridge, MA, USA).
Transwell invasion assay
We used a Transwell membrane ( 
Transwell migration assay
We used a Transwell membrane (8 µm pore size; CorningCostar) for migration assay. The experimental procedures were identical to the Transwell invasion assay except that the time of incubation was 12 h. 
Patients, clinical specimens and preparation of TMas

evaluation of immunostaining
The immunostaining outcome was evaluated by two independent pathologists. For LDH-A, ZEB2 and vimentin staining, percentage of stained cells and staining intensity were taken into consideration. Percentage of staining cells was evaluated semiquantitatively as follows: 0, ,5%; 1, 5%-25%; 2, 25%-50%; 3, 50%-75%; 4, .75% of the cells in the respective lesions. Staining intensity was evaluated semiquantitatively as follows: 0, no staining; 1, weak; 2, moderate; 3, strong. The final score achieved by multiplying the intensity value and the percentage value (ranging 0-12) 18 was divided into negative (final scores, ,4) and positive (final scores, .4).
statistical analysis
Pearson's χ 2 test was applied to study the relation between different variables. Kaplan-Meier method and the log-rank test were used to assess univariate survival analysis of OS and the difference of survival rates, respectively, while the Cox proportional hazards model for multivariate survival analysis was used to evaluate the prognostic values of different clinicopathological parameters. A P-value ,0.05 was considered to be statistically significant. All data were analyzed using the SPSS statistical software program 16.0 for Microsoft Windows (SPSS Inc., Chicago, IL, USA).
Results
sirna mediated knockdown of lDh-a in sgc7901 and Bgc823 cells
We used Western blot analysis to detect LDH-A expression in ITGC cell lines SGC7901, MKN28 and BGC823 and the human immortalized gastric mucosa epithelial cell line GES. SGC7901 and BGC823 showed higher levels of LDH-A expression than GES cells ( Figure 1A) . In order to explore the role of LDH-A in ITGC, we used siRNA to selectively knockdown LDH-A expression in SGC7901 and BGC823 cells. Western blot analysis outcome indicated 
lDh-a promotes eMT in iTgc by upregulating ZeB2 expression in vitro
We investigated the role of LDH-A in invasion and migration of ITGC cells. LDH-A knockdown (KD) decreased invasion and migration ability of SGC7901 by 46.63% and 52.48%, respectively, compared with KD control (KDC) (Figure 2A ), while decreased invasion and migration ability of BGC823 cells by 66.11% and 64.80%, respectively ( Figure 2B ). To explore whether LDH-A promotes the metastasis of ITGC cells by EMT, we detected the mRNA expression of EMT-related genes including Snail, ZEB1, ZEB2, E-cadherin, N-cadherin, fibronectin and vimentin. RT-PCR results indicated that after LDH-A knockdown in SGC7901 cells, mRNA expression of ZEB2 and vimentin was significantly decreased (P,0.001), coupled with remarkable upregulation of epithelial marker E-cadherin (P,0.001) ( Figure 3A) . In BGC823 cells, mRNA expression of ZEB2, vimentin (P,0.001) and fibronectin (P,0.01) was remarkably decreased, coupled with the downregulation of epithelial marker E-cadherin (P,0.001) ( Figure 3B ). The expression of Snail, ZEB1 and N-cadherin at mRNA lever remained unchanged in both SGC7901 and BGC823 cells. The downregulation of ZEB2 and vimentin and upregulation of E-cadherin at protein level in both SGC7901 ( Figure 3A ) and BGC823 cells ( Figure 3B ) were also confirmed by Western blot analysis.
Positive correlation between lDh-a and ZeB2 expression in iTgc specimens Table 1 , LDH-A expression was significantly related with ZEB2 (P=0.003) and vimentin expression (P=0.024), as well as tumor size (P=0.033), invasion depth (P,0.001) and lymph node metastasis (P,0.001), but not with primary tumor location, distant metastasis, TNM stage and differentiation (P.0.05).
lDh-a protein in combination with ZeB2 protein expression correlated with poorer clinical results in iTgc IHC analysis revealed that the LDH-A positive expression accounted for 43.3% of ZEB2-negative tumor and 58.9% of ZEB2-positive tumor. There existed a strikingly positive correlation between LDH-A and ZEB2 expression (P=0.003, Table 1 ). Univariate analysis demonstrated that ZEB2 expression may predict poor prognosis in ITGC (P,0.001, log-rank test; Figure 4B ), and so is LDH-A expression (P,0.001, log-rank test; Figure 4C ). In order to explore the potential relationship between the expression of LDH-A/ZEB2 and the prognosis of ITGC, we divided patients into four groups: one subgroup with both ZEB2 and LDH-A positive expression, either ZEB2 or LDH-A negative expression and both ZEB2 and LDH-A negative expression. Univariate analysis demonstrated that OS of patients with both ZEB2 and LDH-A positive expression was remarkably worse than that of other combinations in ITGC (P,0.001, Figure 4D ). According to results of multivariate survival analysis, ZEB2 expression was an independent prognostic factor (P,0.001), and so was tumor size (P=0.001), distant metastasis (P=0.002), regional lymph node involvement (P=0.015) and invasion depth (P=0.017) ( Table 2 ).
Discussion
Reprogramming of energy metabolism is regarded as the seventh hallmark of cancer. The most distinctive metabolic phenotype of tumor cells is Warburg effect. Despite being overshadowed by gene mutations for a long time, Warburg effect has become a noticeable focus for its great contribution to cancer progression. Increased Glut1 expression and glucose uptake were verified in both pancreatic ductal adenocarcinoma cell line Panc-1 and breast cancer cell line MCF-7 undergoing TGFβ-induced EMT. 19, 20 The enhancement of glycolysis and downregulation in gluconeogenesis was described as a predominant EMT-related change in breast cancer. 21, 22 Thus, the induction of EMT is accompanied by augmentations of Warburg effect. LDH-A, as a downstream molecule of hypoxia-inducible factor 1α (HIF-1α) and the vital rate-limiting enzyme in Warburg effect, is responsible for transforming pyruvate into lactate, which is identified as the motor of malignant tumor, 23 and promotes aggressiveness in multiple types of tumors. [24] [25] [26] [27] However, there is no enough evidence to support the direct correlation between lactate and EMT up to now.
EMT is a multistage reprogramming process in which the epithelial cells switch to mesenchymal phenotype with strong mobility. ZEB2 expression has been regarded as an important marker for GC migration and invasion. 28 Many genes regulating ZEB2 in GC have been revealed. FoxM1 overexpression induces EMT by upregulating ZEB2 and vimentin and therefore promotes GC migration and invasion. 29 The same rationale is applied to the homeobox B8, a sequence-specific transcription factor. 30 MicroRNA-145-5p inhibits GC invasiveness through suppression of EMT by targeting N-cadherin and ZEB2. 31 Furthermore, Figure 2 lDh-a promotes invasion and migration in sgc7901 and Bgc823 cells. Notes: invasion and migration ability of sgc7901 (A) and Bgc823 cells (B) was remarkably downregulated, as showed by cell invasion and migration assay in KD group compared with KDC group. Magnification ×400. each value represents the mean ± sD for triplicate samples. *P,0.01 (student's t-test).
Abbreviations: lDh-a, lactate dehydrogenase a; KD, knockdown; KDc, KD control.
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(student's t-test).
Abbreviations: lDh-a, lactate dehydrogenase a; eMT, epithelial-mesenchymal transition; KD, knockdown; KDc, KD control.
miR-200c could increase the sensitivity of GC cells to DDP by downregulating ZEB2. 32, 33 All these data suggest that ZEB2 may play an important role in metastasis and treatment resistance of GC. However, very little information is available on ZEB2-regulating Warburg effect-related enzyme in GC, although Warburg effect is very essential in tumor progression.
Recent studies have demonstrated that HIF-1α can drive EMT through upregulation of ZEB2 in many types of cancer including GC. [34] [35] [36] We confirmed that LDH-A silencing can markedly downregulate ZEB2 expression at both the mRNA and protein levels, suggesting LDH-A is an upstream regulator of ZEB2 expression. Accordingly, it is tempting to deduce that decreased capabilities of invasion and migration in ITGC upon LDH-A silencing is at least in part attributable to downregulation of ZEB2-mediated EMT. The transcription factor HIF-1 can increase vascularization and enhance Warburg effect by upregulating downstream target genes vascular endothelial growth factor and LDH-A, respectively. Enhancement of Warburg effect motivated by LDH-A overexpression brings about a high production rate of lactate, which elevates HIF-1 by preventing degradation under both anaerobic and aerobic conditions. 37 Therefore, we speculate that it is the interruption of the positive feedback The overall survival curves stratified according to the combination of lDh-a and ZeB2 proteins expression. Overall survival rates were estimated from the time of surgery using Kaplan-Meier analyses. P-values (2-sided) were calculated using the log-rank test. Abbreviations: iTgc, intestinal-type gastric cancer; ihc, immunohistochemistry; lDh-a, lactate dehydrogenase a; cum, cumulative. [38] [39] [40] Recent research indicated that EMT and CSC serve as reciprocal co-activators in GC. 41, 42 Altogether, LDH-A, HIF, CSCs and EMT constitute a positive cycle to collaboratively promote the invasion and metastasis of ITGC, which results in these four genes downregulating ZEB2 in a cooperative manner upon LDH-A silencing.
IHC result of ITGC clinical specimens revealed significantly close association of ZEB2 with LDH-A, which is consistent with in vitro results. In other words, our data from both clinical specimens and in vitro experiments indicated that ITGC aggressiveness is at least in part due to LDH-A/ ZEB2 signal pathway. Univariate analysis demonstrated that both LDH-A and ZEB2 positive expression can predict significantly worse OS, while multivariate analysis indicated that only positive ZEB2 was an independent prognostic factor. Considering the positive correlation between the expression of LDH-A and ZEB2, it is necessary to explore if the coexpression of LDH-A/ZEB2 had synergetic power to predict OS. As we expected, the ITGC patients with both LDH-A and ZEB2 positive expression exhibited poorer OS. Taken together, the predictive power of combination of ZEB2 and LDH-A expression outperformed that of ZEB2 or LDH-A alone. Therefore, we draw a conclusion that LDH-A and ZEB2 may promote ITGC progression in a cooperative manner.
Conclusion
Our study demonstrated that the mechanism of the significantly inhibitory effects of LDH-A silencing on ITGC metastasis is attributable to the downregulation of ZEB2 and vimentin, as well as upregulation of E-cadherin in vitro experiments. The intimate correlation of ZEB2 and LDH-A was further confirmed by analysis of ITGC tissue specimens and OS. As far as we know, this study is the first to verify the strikingly close correlation of energy metabolism-related enzyme with ZEB2 in ITGC. EMT is related with vital processes of GC initiation and progression such as tumor cell stemness, proliferation, invasion and migration. We believe that inhibition of EMT via LDH-A silencing could provide efficient therapy for ITGC patients.
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